Acoustic Emission Detection of Metals and Alloys During Machining Operations by Nelson, Jameson K
Purdue University
Purdue e-Pubs
College of Technology Masters Theses College of Technology Theses and Projects
4-9-2012




Follow this and additional works at: http://docs.lib.purdue.edu/techmasters
Part of the Acoustics, Dynamics, and Controls Commons, Manufacturing Commons, Other
Engineering Science and Materials Commons, and the Tribology Commons
This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.
Nelson, Jameson K., "Acoustic Emission Detection of Metals and Alloys During Machining Operations" (2012). College of Technology
Masters Theses. Paper 60.
http://docs.lib.purdue.edu/techmasters/60
Graduate School ETD Form 9 




This is to certify that the thesis/dissertation prepared 
By  
Entitled
For the degree of   
Is approved by the final examining committee: 
       
                                              Chair 
       
       
       
To the best of my knowledge and as understood by the student in the Research Integrity and 
Copyright Disclaimer (Graduate School Form 20), this thesis/dissertation adheres to the provisions of 
Purdue University’s “Policy on Integrity in Research” and the use of copyrighted material.  
      
Approved by Major Professor(s): ____________________________________
                                                      ____________________________________ 
Approved by:   
     Head of the Graduate Program     Date 
Jameson Kyle Nelson
Acoustic Emission Detection of Metals and Alloys During Machining Operations
Master of Science
Dr. Rodney G. Handy
Dr. Jonathan S. Morrell
Dr. James L. Mohler
Dr. Rodney G. Handy
Dr. James L. Mohler 04/09/2012
Graduate School Form 20 
(Revised 9/10)  
PURDUE UNIVERSITY 
GRADUATE SCHOOL 
Research Integrity and Copyright Disclaimer 
Title of Thesis/Dissertation: 
For the degree of       Choose your degree                    
I certify that in the preparation of this thesis, I have observed the provisions of Purdue University 
Executive Memorandum No. C-22, September 6, 1991, Policy on Integrity in Research.*
Further, I certify that this work is free of plagiarism and all materials appearing in this 
thesis/dissertation have been properly quoted and attributed. 
I certify that all copyrighted material incorporated into this thesis/dissertation is in compliance with the 
United States’ copyright law and that I have received written permission from the copyright owners for 
my use of their work, which is beyond the scope of the law.  I agree to indemnify and save harmless 
Purdue University from any and all claims that may be asserted or that may arise from any copyright 
violation. 
______________________________________ 











ACOUSTIC EMISSION DETECTION OF METALS AND ALLOYS DURING 
MACHINING OPERATIONS 
A Thesis 




Jameson Kyle Nelson 
In Partial Fulfillment of the 
Requirements for the Degree 
of 









































TABLE OF CONTENTS 
 Page 
 
LIST OF TABLES ..................................................................................................... v 
LIST OF FIGURES ................................................................................................... vi  
 ABSTRACT ............................................................................................................... ix 
 CHAPTER 1 INTRODUCTION ............................................................................... 1  
1.1 Significance.............................................................................................. 1 
  1.2 Research Question ................................................................................... 2  
  1.3 Scope ........................................................................................................ 2  
  1.4 Definitions of Key Terms ........................................................................ 3 
  1.5 Assumptions ............................................................................................. 4  
  1.6 Limitations ............................................................................................... 5 
  1.7 Delimitations ............................................................................................ 5 
 1.8 Chapter Summary .................................................................................... 6 
 CHAPTER 2 LITERATURE REVIEW .................................................................... 7  
  2.1 Review of Literature ................................................................................ 7 
   2.1.1 Machining Theory ..................................................................... 7  
   2.1.2 Acoustic Emissions within the Deformation Zones.................. 12  
2.1.3 Machining Process Parameter Effects on Acoustic Emission 
Energy ................................................................................................ 16  
   2.1.4 Acoustic Wave Detection in Machining Environments ............ 18  
   2.1.5 Summary ................................................................................... 20  
 CHAPTER 3 METHODOLOGY .............................................................................. 23  
  3.1 Research Framework ............................................................................... 23  
  3.2 Experimental Sample ............................................................................... 25  
  3.3 Testing Methodology ............................................................................... 26  
   3.3.1 Experimental Hardware Details ................................................ 26  
   3.3.2 Constant Machine Parameters Experimental Methodology ..... 34  
   3.3.3 Varying Machine Parameters Experimental Methodology ....... 46  
   3.3.4 Methodology for Analysis of Experimental Results ................. 50  
  3.4 Summary of Methodology ....................................................................... 52 
CHAPTER 4 RESULTS AND RELATED EXPERIMENTAL DATA ................... 53          
 4.1 Quantified Energy Detection Sustaining Constant Machine  
  Parameters ...................................................................................................... 53  
   4.1.1 Spectrogram Acoustic Mapping for Location Dependent 
  Machine Experiments ........................................................................ 57      
   4.1.2 Detected Acoustic Emission Energy through Mechanical 
  Barriers ............................................................................................... 65
iv 
 
  4.2. Effects of Altering Machine Parameters ................................................. 66             
   4.2.1 Effects of Altering Depth of Cut ............................................... 68 
   4.2.2 Effects of Altering Coolant Application ................................... 71  
   4.2.3 Effects of Altering Cutting Velocity ......................................... 75  
   4.2.4 Effects of Altering Tool Feed Rate ........................................... 78 
  4.3 Mechanisms of Material Deformation ..................................................... 81 
 4.4 Tool Wear ................................................................................................ 84 
CHAPTER 5 DISCUSSION OF RESULTS ............................................................. 87  
  5.1 Discussion of Mathematical Calculations ................................................ 87  
  5.2 Discussion of Acoustic Mapping Using High-Resolution Spectral  
  Analysis.......................................................................................................... 91 
 CHAPTER 6 CONCLUSIONS AND FUTURE EXPECTATIONS ........................ 95  
 6.1 Conclusions .............................................................................................. 95 
  6.2 Future Expectations ................................................................................. 96 
  6.2.1 Future Expectations for Further Experimentation .................... 96 
 LIST OF REFERENCES ........................................................................................... 97 
 BIBLIOGRAPHY ...................................................................................................... 99 
APPENDICES 
  Appendix A: Equipment Calibration Sheets .................................................. 101 








LIST OF TABLES 
 Table  Page 
 
Table 3.1 Individual Material Compositions Measured Using XRF ......................... 33 
Table 3.2 First Segment Machine Parameters Held Constant ................................... 45  
Table 3.3 Second Segment Variable Machine Parameters ........................................ 49 
Table 4.1 First Segment Energy Values 1Hz to 100kHz ........................................... 54 
Table 4.2 First Segment Energy Values 20kHz to 100kHz ....................................... 55 
Table 4.3 Second Segment Energy Values 1Hz to 100kHz....................................... 67 
Table 4.4 Second Segment Energy Values 20kHz to 100kHz ................................... 67 
Table 5.1 Hypothesis 1: Stand-off Distance Probability Levels ................................ 88 






























LIST OF FIGURES 
 Figure Page 
  
 Figure 2.1 Generalized model of chip formation, Astakhov (2006) .......................... 11   
 Figure 2.2 Orthogonal cutting test performed by Nelson .......................................... 15 
 Figure 3.1 Conventional monarch lathe used for experiments .................................. 27 
 Figure 3.2 Kennametal VNMS 331 K68 carbide tooling inserts ............................... 27 
 Figure 3.3 Kennametal VNMS 332 K68 carbide tooling inserts ............................... 28 
 Figure 3.4 Kennametal VNMS 331 KC730 carbide tooling inserts .......................... 28 
 Figure 3.5 Kennametal VNMS 332 KC730 carbide tooling inserts .......................... 29 
 Figure 3.6 Kennametal MVJNR-203D tool holder used for experimentation ........... 29 
 Figure 3.7 Brüel & Kjaer type 4939 transducer mounted in scientific stand ............ 30   
 Figure 3.8 Brüel & Kjaer microphone with NEXUS conditioning amplifier ............ 31 
 Figure 3.9 Brüel & Kjaer type 4939 ¼ inch free-field microphone and built-in  
  preamplifier type 2670 used for experimentation .......................................... 31 
 Figure 3.10 Materials of interest for research ............................................................ 32 
 Figure 3.11 Thermo Scientific XL3t 700 X-Ray Florescence instrument  ................ 32 
 Figure 3.12 Starrett Vernier Calipers  ........................................................................ 34 
 Figure 3.13 Location 1 measured distance ................................................................ 36 
 Figure 3.14 Location 1 open testing condition .......................................................... 36 
 Figure 3.15 Location 1 positioning marks ................................................................. 37 
 Figure 3.16 Location 2 measured distance ................................................................ 37 
 Figure 3.17 Location 2 open testing condition .......................................................... 38 
 Figure 3.18 Location 2 positioning marks ................................................................. 38 
 Figure 3.19 Location 3 measured distance ................................................................ 39 
 Figure 3.20 Location 3 open testing condition .......................................................... 39 
 Figure 3.21 Location 3 positioning marks ................................................................. 40 
 Figure 3.22 Location 4 measured distance ................................................................ 40 
 Figure 3.23 Location 4 open testing condition .......................................................... 41 
 Figure 3.24 Location 4 positioning marks ................................................................. 41 
 Figure 3.25 Location 5 vertical measured distance ................................................... 42  
 Figure 3.26 Location 5 horizontal measured distance ............................................... 42 
Figure 3.27 Location 5 open testing condition .......................................................... 43 
Figure 3.28 Location 5 positioning marks ................................................................. 43 
Figure 3.29 Microphone test stand with acrylic mechanical barrier between the 
 microphone detection interface and machining area ..................................... 44 
Figure 3.30 Monarch lathe machine hand crank mechanisms ................................... 47 




Figure  Page 
 
Figure 3.32 Leica DMLM microscope and Paxcam digital camera  ......................... 51 
Figure 3.33 Dell Studio XPS computer running ArtemiS V12 software ................... 52 
 Figure 4.1 First segment AE detections in the open condition for 6061 aluminum .. 56 
Figure 4.2 First segment AE detections in the open condition for M42 tool steel .... 56 
Figure 4.3 First segment AE detections in the open condition for nitronic 33 stainless    
 steel ................................................................................................................ 57 
Figure 4.4 First segment AE detections in the open condition for tantalum tungsten 57 
Figure 4.5 HSA acoustic map machining 6061 aluminum at location 1 ................... 58 
Figure 4.6 HSA acoustic map machining M42 tool steel at location 1 ..................... 58 
Figure 4.7 HSA acoustic map machining nitronic 33 stainless steel at location 1 .... 59 
Figure 4.8 HSA acoustic map machining tantalum tungsten at location 1 ................ 59 
Figure 4.9 HSA acoustic map machining 6061 aluminum at location 2 ................... 59 
Figure 4.10 HSA acoustic map machining M42 tool steel at location 2 ................... 60 
Figure 4.11 HSA acoustic map machining nitronic 33 stainless steel at location 2 .. 60 
Figure 4.12 HSA acoustic map machining tantalum tungsten at location 2 .............. 60 
Figure 4.13 HSA acoustic map machining 6061 aluminum at location 3 ................. 61 
Figure 4.14 HSA acoustic map machining M42 tool steel at location 3 ................... 61 
Figure 4.15 HSA acoustic map machining nitronic 33 stainless steel at location 3 .. 61 
Figure 4.16 HSA acoustic map machining tantalum tungsten at location 3 .............. 62 
Figure 4.17 HSA acoustic map machining 6061 aluminum at location 4 ................. 62 
Figure 4.18 HSA acoustic map machining M42 tool steel at location 4 ................... 62 
Figure 4.19 HSA acoustic map machining nitronic 33 stainless steel at location 4 .. 63 
Figure 4.20 HSA acoustic map machining tantalum tungsten at location 4 .............. 63 
Figure 4.21 HSA acoustic map machining 6061 aluminum at location 5 ................. 63 
Figure 4.22 HSA acoustic map machining M42 tool steel at location 5 ................... 64 
Figure 4.23 HSA acoustic map machining nitronic 33 stainless steel at location 5 .. 64 
Figure 4.24 HSA acoustic map machining tantalum tungsten at location 5 .............. 64 
Figure 4.25 Averaged energy detections between frequencies 1Hz and 100kHz  
 machining all alloy materials ......................................................................... 65 
Figure 4.26 Averaged energy detections between frequencies 20kHz and 100kHz  
 machining all alloy materials ......................................................................... 65 
Figure 4.27 HSA spectrogram analysis containing no signal structure ..................... 66 
Figure 4.28 Acoustic emission energy detected within 20kHz and 100kHz at LOC5  
 varying depth of cut while machining metal alloy materials ......................... 68 
Figure 4.29 HSA map machining 6061 aluminum at 0.020 inches depth of cut ....... 68 
Figure 4.30 HSA map machining 6061 aluminum at 0.040 inches depth of cut ....... 69 
Figure 4.31 HSA map machining M42 at 0.020 inches depth of cut ......................... 69 
Figure 4.32 HSA map machining M42 at 0.040 inches depth of cut ......................... 69 
Figure 4.33 HSA map machining N33 at 0.020 inches depth of cut ......................... 70 
Figure 4.34 HSA map machining N33 at 0.040 inches depth of cut ......................... 70 
Figure 4.35 HSA map machining TaW at 0.020 inches depth of cut ........................ 70 
Figure 4.36 HSA map machining TaW at 0.040 inches depth of cut ........................ 71 
Figure 4.37 Acoustic emission energy detected within 20kHz and 100kHz at LOC5  




Figure  Page 
 
Figure 4.38 HSA map machining 6061 aluminum at min coolant application ......... 72 
Figure 4.39 HSA map machining 6061 aluminum at max coolant application ......... 72 
Figure 4.40 HSA map machining M42 at min coolant application ........................... 73 
Figure 4.41 HSA map machining M42 at max coolant application .......................... 73 
Figure 4.42 HSA map machining N33 at min coolant application ............................ 73 
Figure 4.43 HSA map machining N33 at max coolant application ........................... 74 
Figure 4.44 HSA map machining TaW at min coolant application ........................... 74 
Figure 4.45 HSA map machining TaW at max coolant application .......................... 74 
Figure 4.46 Acoustic emission energy detected within 20kHz and 100kHz at LOC5  
 varying cutting velocity while machining metal alloys ................................. 75 
Figure 4.47 HSA map machining 6061 aluminum at 98ft/min cutting velocity ....... 75 
Figure 4.48 HSA map machining 6061 aluminum at 318ft/min cutting velocity ..... 76 
Figure 4.49 HSA map machining M42 at 103ft/min cutting velocity ....................... 76 
Figure 4.50 HSA map machining M42 at 337ft/min cutting velocity ....................... 76 
Figure 4.51 HSA map machining N33 at 122ft/min cutting velocity ........................ 77 
Figure 4.52 HSA map machining N33 at 331ft/min cutting velocity ........................ 77 
Figure 4.53 HSA map machining TaW at 125ft/min cutting velocity ....................... 77 
Figure 4.54 HSA map machining TaW at 403ft/min cutting velocity ....................... 78 
Figure 4.55 Acoustic emission energy detected within 20kHz and 100kHz at LOC5  
 varying feed rate while machining metal alloys ............................................ 78 
Figure 4.56 HSA map machining 6061 aluminum at 0.006 in./rev feed rate ............ 79 
Figure 4.57 HSA map machining 6061 aluminum at 0.009 in./rev feed rate  ........... 79 
Figure 4.58 HSA map machining M42 at 0.006 in./rev feed rate  ............................. 79 
Figure 4.59 HSA map machining M42 at 0.009 in./rev feed rate  ............................. 80 
Figure 4.60 HSA map machining N33at 0.006 in./rev feed rate  .............................. 80 
Figure 4.61 HSA map machining N33at 0.009 in./rev feed rate  .............................. 80  
Figure 4.62 HSA map machining TaW at 0.006 in./rev feed rate  ............................ 81 
Figure 4.63 HSA map machining TaW at 0.009 in./rev feed rate ............................. 81 
Figure 4.64 Removed chips from first segment experimental conditions with machine  
 parameters held constant ................................................................................ 82 
Figure 4.65 Removed chips from second segment experimental conditions ............ 83 
Figure 4.67 Brand new Kennametal insert edges ...................................................... 84 
Figure 4.68 Kennametal insert edges used for first and second segment  
 experimentation.............................................................................................. 85 
Figure 5.1 Detected acoustic emission signal at location 1 selected frequencies ...... 89 
Figure 5.2 Detected acoustic emission signal location 2 selected frequencies .......... 89 
Figure 5.3 Detected acoustic emission signal location 3 selected frequencies .......... 90 
Figure 5.4 Detected acoustic emission signal location 4 selected frequencies .......... 90 
Figure 5.5 Detected acoustic emission signal location 5 selected frequencies .......... 90 
Figure 5.6 Less dense discrete signal structure machining 6061 aluminum.............. 92 
Figure 5.7 Most dense discrete signal structure machining tantalum tungsten ......... 92 
Figure 5.8 Less dense continuous signal structure machining M42 tool steel........... 93 
Figure 5.9 Most dense continuous signal structure machining nitronic 33 stainless 





Nelson, Jameson K. M.S., Purdue University, May 2012. Acoustic Emission Detection of 




Practical correlation between material deformation attributes and theoretical concepts of 
machining has proven difficult to attain. The purpose of this study was to further explore 
trends and relationships using acoustic emission detection of materials undergoing single-
point lathe turning machine processes. The majority of machining experiments that 
incorporate acoustic emissions focuses on tool degradation for the purposes of optimizing 
consumables required to manufacture mechanical devices. Experiments were 
implemented varying recording location, mechanical barrier condition, and machine 
parameters. The research focused on machining metal alloys of tantalum tungsten, 
nitronic 33 stainless steel, M42 tool steel, and 6061 aluminum. Variation of machine 
parameters included the alteration to depth of cut, coolant flow rate, cutting velocity, and 
feed rate of tooling. It was found that, by using capacitive microphone transducer 
technology, it is difficult to confidently discern the type material undergoing machine 
processes from significant distances. Structural spectrogram “acoustic mapping” using 
discrete Fourier transform based methods presented promise in uniquely identifying the 
type material being machined. Integral calculus methods of summation were 




proved that as stand-off distance increased and mechanical barriers were imposed 
detection of acoustic emissions varied in confidence. The alteration of machine 
parameters had varying effects on the detection of acoustic emissions. The experiments 





CHAPTER 1 INTRODUCTION 
This chapter presents a logically sequenced explanation of the significance, 
research question, scope, definitions of key terms, assumptions, limitations, and 
delimitations as they individually relate to the research study.  
1.1 Significance 
Machining operations make up an estimated 15 percent in value for mechanical 
components manufactured today (Astakhov, 2006). Engineers and scientists play vial 
roles in fulfilling the intellectual needs behind optimization and implementation of 
modern machining processes. Acoustically monitoring machining processes is a relatively 
new technique, most typically implemented for intelligently optimizing consumables 
expended during the machining process. The complex involvement of machining 
parameters proves to have varyingly significant effects on a material’s ability to emit 
detectable acoustically emitted pressure waves. This research expands the scope for 
which machine processes may be discernibly characterized at distances between the 
immediate material deformation and a microphone transducer detection interface. The 
subsequent work primarily focuses on high frequency acoustic emission detection outside 
of the human hearing spectrum; least influenced by high amplitude low frequency 





1.2 Research Question 
Is it possible to quantitatively identify a type material undergoing a predetermined 
machining process using high frequency microphone measurements and discrete Fourier 
transformation-based analytical methods? 
1.3 Scope 
The research presents a method for determining acoustically emitted material 
deformation characteristics of metal alloys undergoing lathe machine turning processes at 
increasing stand-off distances. A Brüel & Kjaer type 4939 high frequency microphone 
transducer was used, capable of sensing transient acoustic emission pressure waves 
outside of the human hearing spectrum. Acoustic emission measurements were taken 
machining metal alloys at five individual locations, each controlled distances from the 
material deforming interface. A single location was selected for measurements 
encompassing alteration to depth of cut, volume of coolant applied, cutting velocity, and 
feed rate for each material examined. The metal alloys examined for this research 
included 6061 aluminum, M42 tool steel, nitronic 33 stainless steel, and tantalum 
tungsten.  
A conventional Monarch lathe machine enabled the researcher precise control of 
depth of cut, cutting velocity, and feed rate under each experimental condition. A 
controlled coolant delivery system allowed direct application of lubricant at the 
deforming interface. A detected signal was analyzed using discrete Fourier transformation 
based high-resolution spectral analysis (HSA) and integral calculus. All acoustic emission 





1.4 Definition of Key Terms 
Acoustic Emission – “A transient elastic stress wave generated through the rapid release 
of elastic strain energy which accompanies certain microstructural phenomena 
within a material” (Barry & Byrne, 2001, pg. 1549). 
Brittle – material defined as “one whose resistance to separation is less than its resistance 
to sliding” (Spotts et alii, 2004, pg. 126). 
Continuous signal – Acoustically emitted signals where “the time interval between 
emissions with similar amplitude is shorter than or equal to the emission duration” 
(Maradei et al., 2003, pg. 444). 
Discrete signal (burst type) – “Signals in which distinct emission events are seen” 
(Dornfeld & Pan, 1985, pg.18).    
Ductile – material defined as “one whose resistance to sliding is smaller than its 
resistance to separation” (Spotts et al., 2004, pg. 125-126). 
Primary deformation zone – “The tool cutting edge, while being gradually closer to the 
material and increasingly pressing it, produces the cutting of the fronting zone. 
The formed debris moves above the front face of the tool and it is partially 
deformed” (Maradei et alii, 2003, pg. 443). 
Secondary deformation zone – “It consists in the debris-tool interface where abrasion and 
partial deformation take place” (Maradei et al., 2003, pg. 443). 
Tertiary deformation zone – “Where the abrasion between the new surface generated by 
the debris detachment and the cutting edge occurs” (Maradei et al., 2003, pg. 443). 
Tool-chip interface – “contact areas that directly participate in the cutting process” 




Transitional – Conditionally dependent material properties resulting from “transition in 
the mechanics and physics of chip formation from brittle to ductile” 
(Astakhov,2006, pg. 28). 
1.5 Assumptions 
Assumptions affiliated with this research study included: 
1. The machine used properly maintained spindle rotational speed and linear feed 
settings as indicated during experimental tests.  
2. The Kennametal tooling used had negligible manufacturing defects and variations 
in microstructure as received from the factory. 
3. Transducer placement within the marked positions of interest for testing was 
consistent and negligibly affected comparison of the results within testing 
segments. 
4. All equipment and data acquisition components used remained in proper working 
order and within respective calibration tolerances for experimentation and 
analysis methods. 
5. Variations in cutting velocity with respect to material diameter were accounted 
for; however, minor difficult to control discrepancies were assumed negligible. 
6. Tool wear was analyzed using optical microscopic analysis and was considered to 
have contributed minimally to acoustically emitted signal for machine tests.  
7. Recordings were made during normal business hours during which time an 
uncontrolled amount of low frequency high amplitude acoustic emissions were 
detected. Such signals were assumed to minimally impact detected high frequency 





Limitations affiliated with this research study included: 
1. Materials of interest machined were 6061 aluminum, M42 tool steel, nitronic 33 
stainless steel, and tantalum tungsten. 
2. Measurements of machine processes occurred at five individual locations for each 
metal alloy as presented in the methodology portion of this thesis. 
3. Measurements varying machine processes encompassed depth of cut, coolant 
application, cutting velocity, and feed rates for each material machined. 
4. Measurements, in attempt to discern the type of material being machined, 
employed a conventional Monarch lathe machine. 
1.7 Delimitations 
Delimitations affiliated with this research study included: 
1. The amount of time for experiments was limited to two primary segments in 
which 72 individual experiments were completed. A precise experimental, data 
compiling, and result analysis procedure was employed for each experiment 
performed.   
2. The study focused on signal measurements using conventional lathe machine 
equipment in conjunction with a single free-field microphone transducer having a 
dynamic frequency range from 4 Hz to 100 kHz and a combined sensitivity of -
47.5 dB re 1V/pa. 
3. The research study focused on Kennametal brand K68 grade un-coated carbide 
and physical vapor deposited TiN (KC730) coated carbide inserted tooling as 




1.8 Chapter Summary 
 The first chapter introduced the significance, question, scope, definition of key 
terms, assumptions, limitations, and delimitations related to the completed research study. 
The foundational attributes for the research focused on the practical application for the 
technologies suggested. Complex variability of machine processes, as it relates to 







CHAPTER 2 LITERATURE REVIEW 
A literature review is composed from relevant researched works that include: 
journal article publications, books, conference proceedings, theses and dissertation 
reviews, individual research experiments, and technical reports.  
2.1 Review of Literature 
A literature review is presented in sections supporting material deformation 
mechanics during machine processes for brittle and ductile materials and its ability to 
become acoustically differentiated as a result of the interactions employed within the 
deformation zones. Each section encompasses a major aspect of the machining process 
including: 1) Machining Theory; 2) Acoustic Emissions Within the Deformation Zones; 3) 
Machining Process Parameter Effects on Acoustic Emission Energy; 4) Acoustic Wave 
Detection in Machining Environments; and 5) Summary.  
2.1.1 Machining Theory 
Orthogonal machining studies simplify the deformation analysis, in machining 
studies, by constraining the cutting process to a two dimensional plane strain condition 
(Hastings et alii, 1980). For such a condition the tool is held rigidly stationary and the 
work passes perpendicularly into the cutting edge at a controlled cutting velocity. Such 
analysis achieves limitations as to adequately infer deformation conditions in machining 




within the deformation zone at the tool/chip interface are difficult to achieve. (Hastings et 
al., 1980). Empirical deformation theories, in machining, attempt to bridge gaps in the 
limitations based on experimental results attained using more traditional testing methods. 
Generated theories fail to predicatively model the deformation mechanics for any set of 
machining circumstances desired through coupling orthogonal cutting observations and 
more relevantly accepted cutting tests. The deformation mechanics relevant to machining 
processes are uniquely individualized encompassing complex interdisciplinary 
engineering, chemical, materials, mathematical, physical, and tribological fields.  
Astakhov (2006) described a fundamental distinction between the cutting edge 
and cutting wedge for a tool as they individually relate to the plastic deformation zones 
undergoing machine processes. The cutting edge exhibits attributes of a line intersecting 
the flank face and outermost material in contact with the tool (Astakhov, 2006). The 
geometrical attributes defining the cutting edge change with respect to its previous 
geometrical linear shape as a result of tool degradation, governed by variant frictional and 
penetration forces applied. The cutting wedge, driven by a penetration force, forms a 
wedge shape connecting the flank face to the tool governed by the geometric rake angle 
(Astakhov, 2006). A constant flow stress is imposed on the machined surface, by the 
cutting edge, as a result of the penetration force of the tool (Hastings et al., 1980). The 
cutting edge is most rigidly supported by the cutting wedge. 
Orthogonal experiments carried out by Merchant (1945b) yielded three basic type 
chip formations as a result of material deformation that could be applied to the machining 
of a broad range of materials. These types were considered to be of the discontinuous and 




extending from the cutting edge to the free work surface being machined. For continuous 
chip formations, an elongated crystal structure is stacked at a chip velocity directed along 
the rake face of the tool. Individual elements of the continuous chip formation are of 
equal thickness and spaced evenly from one another according to Merchant (1945a).  
Later orthogonal experimentation results by Merchant confirmed it evident the physical 
work properties relating to plastic behavior greatly influenced the mechanisms of 
deformation and chip formation in machine processes. It was unclear to Merchant what 
the most influential factor was involving temperature, rate of shear, plastic shearing strain, 
or normally induced stresses for orthogonal cutting experiments (Merchant, 1945a). In 
order to simplify the deformation process a series of assumptions were required yielding 
an inaccurate velocity diagram, force diagram, and frictional coefficient considerations as 
stated by Astakhov (2006). 
Orthogonal cutting experiments further define the deformation zone in three 
separate sections: 1) the primary deformation zone; 2) the secondary deformation zone; 3) 
the tertiary zone. The primary deformation zone was found to be directly in front of the 
cutting edge, where partial material deformation occurs as a result of the tool pressing 
forward. The secondary deformation zone was located where the deformed material is in 
intimate contact with the cutting edge; directed up the flank face of the cutting wedge. 
The secondary deformation zone was found to be where frictional and partial deformation 
mechanics dictate chip formation. Detachment along the cutting edge and material 
removed makes up the tertiary zone. It is the tertiary zone that the newly-machined 
surface is in closest proximity. Control of the surface finish is indicative of conditions 




Material deformation mechanics and the subsequent release of strain energy 
proved dependent on the conditional brittle or ductile mechanical properties of the 
machined material. The separation of the brittle and ductile models is by a transitional 
zone made up of elastic, elastoplastic, and/or plastic regions forward of the cutting edge. 
A foundational qualitative approach to the manner in which materials behave, with regard 
to machining processes, must be accepted to have reasonable bounds in understanding the 
penetration forces, temperatures, stress distribution fields, and release of strain energy 
(Astakhov, 2006). Astakhov (2006) describes distinct cases that encompass the brittle 
versus ductile deformation processes. Tool conditional attributes varyingly contribute to 
the material deformation behavior being machined. A summarization of brittle to ductile 
deformation in machine processes is presented in Figure 2.1 as presented by (Astakhov, 
2006). 
For more brittle elastic materials, a maximum stress limit is achieved as a result of 
a penetrating force under which contains compressive and bending stresses. Crack 
propagation within the deformation zone of brittle materials dictate whether material 
separation becomes regularly or irregularly broken from the workpiece. Regularly broken 
deformation proves to appear more rectangular where as irregularly broken chips depend 
on the complex nucleation of cracks within the deformation zone, appearing more 
geometrically randomized. Regularly broken chips are induced to a bending component 
where as irregular deformation form primarily as a result of compressive penetration 





Figure 2.1 -  Generalized model of chip formation, Astakhov (2006) 
 
Transitional materials exhibiting properties of elastoplastic properties combine 
slip line fields due to compression and bending (Astakhov et alii, 1996). The compressive 
and bending stress are broken into two separate regions. The compressive stress acting 
parallel in the direction of the cutting edge’s tip and the bending region occurring along 
the shear zone within a particular angular direction depending on the tools rake angle 
(Astakhov et al., 1996). For plastic materials an insignificant bending moment is 
contributed to the deformation of the chip and as a result successive shearing dictate chip 




in which normal sliding does not occur over the rake face of the cutting tool. Chip seizure 
was achieved, leading to material stagnation at the cutting edge. This phenomenon is 
commonly referred to as built-up-edge. Once the cutting edge of the tool has built up, in 
part a result of elevated localized heating, the adherence between the workpiece and tool 
is momentarily achieved until ultimate fracture of either the tool, stagnate chip or 
material layer sheared. Deformation forward the cutting edge in the unpredictable manner 
is dimensionally variable in length and thickness, further complicating the contact zone 
most dictating material deformation tendencies (Astakhov et al, 1996).  
2.1.2 Acoustic Emissions within the Deformation Zones 
Acoustically emitted waves can be detected as elastic stress waves propagating 
from the deformation zone for a material undergoing machine processes (Saini & Park, 
1996). Acoustically emitted signal from the deformation zones are detected in the form of 
either continuous or discrete. A continuous signal is detected as the shearing process 
occurs in the shearing zone. Discrete bursts occur upon chip separation of deformed 
material from the workpiece. Saini and Park (1996), described the sudden release of 
energy generated from the following source mechanisms: 
1. “the primary deformation zone (shear zone) 
2. the secondary deformation zone (tool-chip interface) 
3. tertiary zone (rubbing and friction between the tool flank and newly machined 
surface) 
4. chip breaking and entanglement 
5. tool degradation and fracture” (pg. 343). 
 
The primary deformation shear zone is the largest source contributing up to 75 
percent of expended detectable acoustic emission energies, according to (Saini and Park, 




the waveform. Important physical parameters may be discerned relating to the 
mechanical event energy, strain rate, and deformation mechanism descriptors using event 
energy detection methods (Miller & McIntire, 1987a). Variations of count rate, root mean 
square values, and spectral analysis are methods in determining the expended energy 
from the deformation zones. For count rate stagnate or floating amplitude threshold levels 
are assigned. Signal events exceeding the assigned threshold are counted and used to 
characterize the deformation process within a known set of circumstances. The challenge 
with count rate analysis is distinguishing counted events relevant to the deformation 
process from random fluctuations in signal content. Separating the counts can be done by 
analyzing structural trends above the threshold amplitude count level. Root mean square 
methods are more indicative of the average amount of acoustically emitted energy for a 
given duration of events. Discrete bursts are easily discerned using root mean square 
methods appearing as simplified emitted pulses.   
Saini and Park (1996) have constructed individually root mean square combined 
voltage energy rates emitted from the primary, secondary, and tertiary deformation zones. 
Ernst and Merchant’s equation of energy rate generated in the shear plane was used, 
presented in Equation 2.1, by (Saini & Park, 1996) for determining the energy in the 
primary deformation zone. Expended energy in the secondary deformation zone 
considered two distinct regions of sticking and sliding commonly accepted as the contact 
length. Several assumptions were made to accommodate the quantitative circumstances 
by (Saini & Park, 1996) for taking into proper account the three zones. The sliding and 




components at the tools interface. Energy rate in the tertiary zone was simplified by only 
considering tool geometry in the unworn condition.  
 
 (Eq. 2.1) 
Experiments performed by Saini and Park (1996) yielded considerable variance in 
the quantitative model and experimentally measured values. It was assumed losses via the 
propagation of acoustically emitted elastic stress waves equated to the quantitative 
discrepancies observed (Saini & Park, 1996). Accounting for the discrepancies, constants 
of proportionality were integrated into the model, yielding more concurrent results.  
Spectral analysis using discrete Fourier transformation is also a method for 
determining predominant emissions among varying frequency ranges. Continuous signal 
exhibit a time interval between waves, with similar amplitudes, shorter or equal to the 
entire duration of emissions recorded. The starting and end points of continuous signal 
are not as clearly defined as for discrete signal detected. Discrete burst type signals 
require a more localized analysis based on the temporal window used for the spectral 
analysis (Maradei et al., 2003).   
Machining hard metals has proven acoustically emitted energies up to two orders 
of magnitude greater than those of softer metals (Barry & Byrne, 2001). The unique 
deformation tendencies and chip structures for harder metals is as a result of dislocation 
motion, twinning, inclusion fracture, decohesion, crack initiation, crack propagation, 
phase transformational attributes and frictional components as stated by (Barry & Byrne, 




subjected to applied load. The unique attributes of hard metal deformation tendencies are 
shown in Figure 2.2. Subsequent experiments by Barry and Byrne (2001) proved 
correlation in agreement with the formation of saw-toothed chip geometries, common 
deformation tendencies to hard turning of metals and the release of increased magnitude 
emitted signal from the deformation zones. Barry and Byrne (2001), described the 
generation of released stress emitted signal in three stages: 
1. “Upsetting of the incipient segment. 
2. Adiabatic shear initiating in the vicinity of the tools tip propagating toward the 
free surface, weakening the primary shear zone, localizing further strain. 
3. Catastrophic failure occurring in the upper region of the primary shear zone 
through ductile fracture, dependent on the materials hardness and cutting 
conditions, or large strain plastic deformation” (pg. 1555).      
 
 
Figure 2.2 - Orthogonal cutting test performed by Nelson. Showing energy release 




Most notably, the transitional and morphological attributes of the tool/chip 
interface have experimentally proven to be the source of acoustically emitted signal in 
machine processes.  
2.1.3 Machining Process Parameter Effects on Acoustic Emission Energy 
Modes of tool wear, rake angle, un-deformed chip thickness, feed rate, and 
coolant lubricity penetrating the workpiece effect the amount of elastic strain energy 
released that may be measured as transmitted acoustic energy.  
 Tool wear occurs as a result of abrasive, chemical, adhesive, thermal, and 
mechanical conditions induced by the deformation zones. Differentiating types of tool 
wear dictate the manner in which a material deforms as it is being machined, 
subsequently increasing or decreasing the magnitude of released acoustical emission 
energy from the deformation zones. The primary types of tool wear include: flank, crater, 
built-up-edge, notch, plastic, thermal, and edge chipping wear. The frictional interface 
between the cutting edge and the material being machined changes with respect to the 
type and level of tool wear achieved. Distinction has been proven by researchers the 
ability to monitor tool wear undergoing machining conditions with the intent to design 
intelligent machining systems. When a wide range of frequency response levels are 
emitted, upon achieving a worn tool condition, unpredictability exists in defining the 
specific type of tool wear achieved. It remains difficult to discern the contributions of 
tool wear and material deformation elastic stress waves as acoustically emitted energy.  
Increasing a tool’s rake angle in the positive or negative direction outside of the 
optimal working parameters have proven to result in accelerated tool wear. The rake 




machined, yielding higher or lower main cutting forces applied at the deformation zone 
(Günay et alii, 2004). The applied cutting force or penetration force achieves an optimal 
value for which the given material deforms under specific machining conditions. Saini 
and Park (1996), confirmed the described rake angle relationship, effecting deforming 
material morphology, as it related to elevated acoustic emission event detections.   
The undeformed chip thickness is equal to the depth at which the tool is cutting 
into the material. As the tool’s cutting edge increasingly penetrates the workpiece, a 
greater area of the tool induces deformation on the workpiece. With increasing deformed 
area, greater frictional and penetrative force is applied resulting in the release of elastic 
stress waves from the deformation zones. The undeformed chip thickness morphological 
tendencies are driven by the rate of which the tool penetrates the workpiece. The 
penetrating velocity of the cutting edge in relation to the rotating work for lathe turning is 
called the feed rate. Increasing or decreasing the feed rate affects the temperatures at the 
cutting edge interface. These phenomena were experimentally visited while turning mild 
steel BS 817M40 and lower alloy tool steel (Barry & Byrne, 2001).    
The application of coolant in machining creates a film barrier between the cutting 
edge of the tool and the deformation zones. Primarily coolant is applied to flush cut chips 
away from the deformation zone, preventing increased frictional build up and abrasive 
type tool wear from occurring. Asperities between the cutting edge and deforming 
material are dynamic due to the frictional coupling between the two surfaces. Changes in 
working surface conditions yield unpredictability for quantitatively modeling the 
uniformity of the coolant barrier between the surfaces. The decrease in temperature of the 




contributions to the morphological characteristics and amount of released stress energy 
for particular materials being machined. Childs et alii, (1988) presented the theoretical 
development of heat transfer coefficients, induced to orthogonal cutting conditions and 
supported through finite element analysis. 
2.1.4 Acoustic Wave Detection in Machining Environments 
Acoustic emission waves are the propagation of pressure variations through a 
media that are detectable. Mechanical vibration or dislocation occurs in the presence of 
air molecules that are in direct contact with a displaced surface. The air molecules 
transfer the pressure energy until full attenuation of the energy wave has been absorbed 
by its surroundings.  
The pressure variation may be mechanically transferred into an electrical voltage 
containing the amplitude and frequency information that describe the wave.  A condenser 
microphone transducer operates as a capacitor to measure these distinctive variables. As 
the displaced air molecules transmitting the acoustic wave come into contact with the 
microphone’s diaphragm, a capacitive resistance becomes measureable. The diaphragm is 
extremely thin spanning a small gap, a known distance from a back plate. The thickness 
of the diaphragm affects the magnitude of pressure wave energy required for diaphragm 
deflection to occur. The voltage energy is sent to the back plate forming a capacitor. The 
oscillating voltage of the capacitor is proportional to the original pressure oscillation. The 
back plate voltage is measured by a 200 volt phantom energy via external power supply.  
This mode power supply is referred to as a polarized microphone design (PCB 




Other significant microphone parameters were found to be dependent upon 
response field attributes, dynamic and frequency response, sensitivity, polarization type 
and environmental operating conditions (PCB Piezotronics, 2011). Frequency response is 
referred to in terms of lower and upper limiting frequency. The lower limiting frequency 
is the lowest frequency detected and governed by the presence of background noise. The 
upper limiting frequency correlates to the attenuation of wave energy and the threshold at 
which molecular air disruption seizes. This distance is the maximum achievable stand-off 
distance acoustically emitted energies may become detected and dependent also on 
environmental attributes (Miller & McIntire, 1987b). 
A free-field type response most effectively measures sound energies that emit 
from a single source in an open room. Multidirectional sound pressure is measured at the 
diaphragm of the microphone. Diffraction effects alter the sound pressure creating 
proportionally sized high frequency wavelengths to the size detectable by the transducer. 
The physical design and correction factors alter the response of the microphone 
accounting for the diffraction effects.  The dynamic and frequency response of an 
acoustic transducer microphone are dependent on one another. Dynamic response refers 
to the amplitude in decibels (dB) of which can be accurately detected. Conversely, the 
frequency response refers to the frequency in hertz (Hz) that can be accurately detected. 
Most generally, smaller diameter microphones detect higher level frequencies as a result 
of an ultra-thin diaphragm. They were found to be limited in the amplitude range, as a 






Theory of the deformation mechanics for machine processes is one of the least 
understood concepts to industrial manufacturing today. Quantitative theoretical models 
for any given set of deformation processes have been attempted by scientists, engineers, 
and researchers since the development of single shear plane theory by Time in 1870. In 
most cases; iterative developments have taken into account an idealized cutting system 
rather than its practical implementation. No single model will ever be capable of 
accurately predicting tool and entanglement of energy dispersion, within the deformation 
zones, for machine processes. The best hope for theoretical advancement of the process is 
the development of comprehensively practical based methods for machinability testing.  
 Astakhov (2006) presented the most practical and concise approach to how 
materials deform under machining conditions. Astakhov (2006) classified materials 
deforming in a brittle, transitional, or ductile manner. Each deforming tendency contains 
an individual primary, secondary, and tertiary deformation zone.  For brittle materials 
regularly or irregularly broken chips are formed resulting from deformation. Transitional 
materials encompass properties of brittle to ductile developing a deformed fragmentary or 
continuous fragmentary chip. More purely ductile materials deform in a continuous 
manner with uniform strengths. Highly ductile materials produce a continuous 
fragmentary chip or less predictable type deformation tendency. The unpredictable type 
are the most influenced by the frictional, chemical, thermal, physical, and morphological 
conditions between the cutting tool and deformed material subjected to machining 




 Stress energy released from the primary, secondary, and tertiary deformation 
zones may be measured in the form of pressure waves called acoustic emissions. 
Quantitative models of averaged acoustic emissions, based on geometrical energy 
consumption theory derived by Ernst and Merchant, have proven empirically less 
congruent to those measured by (Saini & Park, 1996). The machining of harder 
composition alloys prove to create what Barry and Byrne (2001) considered as saw-
toothed chip formations. Their work constitutes an acoustically emitted signal in three 
stages, beginning at initial tool/material contact through material separation via an 
iterative process for a given material being machined.   
 Machining process parameters directly affect the manner in which a material 
deforms by altering loading conditions. The majority of past research, with regards to the 
acoustically emitted signal, has presented the intent to provide intelligent tool condition 
monitoring. Depending on the material machined and its response to specific machining 
parameter types (i.e., abrasive, chemical, adhesive, thermal, or mechanical) tool wear 
occurs as a function of time. Also, the geometric rake angle between the tool and 
deforming material greatly influence the manner that penetrative forces influence the 
deformation zone. Depending on material properties, an optimal rake angle produces chip 
uniformity and desirable surface finish. The rake angle proves directly relating to the 
progression of tool wear as found by (Mustafa et al., 2004). In addition, the correlation 
attributes of undeformed chip thickness, feed rates, coolant application, and cutting 
velocity affect the loading conditions and the release of detectable elastic stress waves 




 The physical mechanisms and theories of pressure wave propagation play an 
important role in the detection of acoustically emitted energy. The researcher’s intent of 
the presented work ultimately involved the determination of the distance at which 
deformation tendencies for materials may be discerned. Such a condition makes 
microphone transducer technology an attractive option for the analysis. Free-field 
capacitive microphone transducers prove versatile in the manner in which acoustic 
pressure waves become detected. More relevantly, the frequency response for 
microphones prove limiting in most cases. Differentiable attributes for the deformation of 
the materials researched is above the human threshold at higher frequency ranges from 50 
kHz to 90 kHz (Barry & Byrne, 2001). 
 A great amount of resources have gone into the machining of components for 
engineering applications. The vast majority of research encompassing machining 
processes has proven limited in practical applicability to the modern manufacturing 
industry. The research experiment that follows is presented in an attempt to further bridge 
the gap between theoretical and practical characterization of machining processes as well 
as to further define the tribological conditions at the tool and material interface. 
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CHAPTER 3 METHODOLOGY 
The research framework, experimental sample, testing methodology, and a 
summary of methodology are presented in this chapter.  
3.1 Research Framework 
This research presents a quantitative analysis using microphone transducer 
measurements of acoustic emissions during machine turning operations of metal alloys. 
The ability to discern between the types of materials machined under constant machine 
parameters at separate locations around the cutting zone was considered. Measurements 
were also taken nearest the cutting zone while varying machine parameters. It was the 
intent to determine the effectiveness for material discernment as stand-off distance 
increased and machine conditional parameters were altered. The subsequent research 
followed an experimental design. The experimental design contained independent and 
dependent variables, a simple random sample of materials and tooling, scientific 
instrumentation, assumptions, limitations, delimitations, specific procedures for 
experiment, and data analysis.  
Independent and dependent variables for the proposed study were separated for 
two segments of the research experiment. In determining the most effective point location 




• The distance from the cutting zone that the transducer was placed. 
• The chemical composition for the metal alloy machined. 
• The ambient, open, and mechanical barrier condition during machining. 
The dependent variables for first segment experiments included: 
• The detected acoustically emitted signal. 
• The manner in which metal compositions deformed. 
 Second segment experiments primarily determined the most influential machine 
cutting parameters affecting the detectable acoustically emitted signal. The independent 
variables included: 
• The chemical composition for the metal alloy machined. 
• The depth of cut (DOC) during machine processes. 
• The application of coolant to the cutting edge during machine processes.  
• The feed rate of the tool during machine processes. 
• The cutting velocity of the metal alloy during machine processes. 
The dependent variables for second segment experiments included: 
• The detected acoustically emitted signal. 
• The manner in which metal compositions deformed. 
The null and alternative form hypotheses were generated to determine the 
effectiveness for the research study: 
H01: The distance from the cutting zone that recordings were taken had no effect on 




H02: The mechanical barrier condition had no effect on detected acoustically emitted 
energy under constant machining conditions. 
Hα1: The distance from the cutting zone that recordings were taken had an effect on 
detected acoustically emitted energy under constant machining conditions. 
Hα2: The mechanical barrier condition had an effect on detected acoustically emitted 
energy under constant machining conditions. 
 The machine recordings were quantitatively evaluated using signals analysis 
software including discrete Fourier transform (DFT) and high-resolution spectral analysis 
(HSA) methods. Spectrogram acoustic mapping enabled researchers to further 
characterize differences between signal structures bolstering confidence in material 
identification between experiments.      
3.2 Experimental Sample 
Individual recording measurements were made under each described experimental 
condition. A Kennemetal tool holder, un-coated carbide tooling inserts, and titanium 
nitride (TiN) coated carbide tooling inserts were purchased using a commercially 
available supplier. Four individual material types of various chemical compositions were 
also acquired using commercially available suppliers. Single thirty-second recordings 
were made under each set of described machining conditions for analysis. Results were 
assessed in binary context based on the signal analysis attributes presented in this chapter. 
A power analysis for the experiment yielded a maximum alpha probability level of 0.05, 
having a moderate 80 percent effect size using t-test statistical analysis. Significance is 
defined as the discovery of measured results not happening by chance alone within a 




3.3 Testing Methodology 
Presented in this section is the testing methodology implemented to reliably and 
accurately validate the results. The testing methodology section is divided into four 
sections; 1) Experimental Hardware Details; 2) Constant Machine Parameters 
Experimental Methodology; 3) Varying Machine Parameters Experimental Methodology; 
4) Methodology for Analysis of Experimental Results. 
3.3.1 Experimental Hardware Details 
The conventional engine lathe machine used for metal machining experiments 
was a Monarch lathe having a 12-inch diameter chuck and 14.5 inches of swing. The 
maximum distance between centers was 30 inches and labeled built in September 1943. 
The lathe machine is presented in Figure 3.1. Kennametal VNMS 331 K68, VNMS K68 
332 K68, VNMS 331 KC730, and VNMS 332 KC730 carbide metal cutting insert tools 
were implemented throughout experimental examinations. The individual tooling is 
presented in Figures 3.2 through 3.6. New insert edges were installed prior to each test, 
ensuring minimal contribution of tool wear to the detection of acoustically emitted signal. 
Each insert was rigidly affixed in a Kennametal MVJNR-203D outside diameter right 
hand tool holder for all experiments. Between experiments inserts were replaced by the 
researcher placing a one-thousandth of an inch thick shim between the maximum radial 
insert edge and the to-be-removed stock material. Tool post positioning was noted and 
backlash was removed from the lead screws prior to the commencement of cutting. The 
tool positioning procedure proved to reproduce a relatively consistent depth of cut within 
five thousandths of an inch between experiments performed for each metal alloy 





Figure 3.1 - Conventional monarch lathe used for experiments 
 
 






Figure 3.3 - Kennametal VNMS 332 K68 carbide tooling inserts 
 
 






Figure 3.5 - Kennametal VNMS 332 KC730 carbide tooling inserts 
 
 







A Brüel & Kjaer type 4939 ¼ inch free-field microphone transducer was rigidly 
mounted in a scientific stand for all experiments. The scientific stand was bolted to a 
rigid, three-tiered steel structure as presented in Figure 3.7. The type 4939 microphone 
transducer had a built-in preamplifier type 2670. The transducer connected to a Brüel & 
Kjaer NEXUS type 2690 two channel conditioning amplifier. The Brüel & Kjaer 
microphone transducer and conditioning amplifier are presented in Figures 3.8 and 3.9. A 
commercially purchased BNC cable connected the type 2690 output channel to a 
National Instruments USB-6210 DAQ device capable of recording 250,000 samples per 
second. The USB-6210 data logger connected to a Dell Studio XPS laptop running 
LabView Signal Express for DAQ via USB connection. Recordings were made under 
each machine condition at a rate of 200,000 samples per second, taking into account the 
transducer detection capabilities and limiting Nyquist frequency. Recordings lasted 
approximately 30 seconds following the cutting tool interfacing with each material.  
 





Figure 3.8 - Brüel & Kjaer microphone with NEXUS conditioning amplifier 
 
 
Figure 3.9 - Brüel & Kjaer type 4939 ¼ inch free-field microphone and built-in 
preamplifier type 2670 used for experimentation 
 
 Materials machined for the experiments of this study included 6061 aluminum, 
M42 tool steel, nitronic 33 stainless steel, and tantalum tungsten. The materials are 
presented in Figure 3.10. An X-Ray Fluorescence (XRF) instrument was used to 
determine the precise material chemical composition for each material machined as 
presented in Table 3.1. The XRF instrument used for material analysis is presented in 






Figure 3.10 - Materials of interest for research; Upper row: 6061 aluminum; Lower left: 
nitronic 33 stainless steel; middle: tantalum tungsten; far right: M42 tool steel 
 
 











Table 3.1  
Individual material compositions measured using XRF  
 
Material Periodic Element Measured Proportion Tolerance 
  [%]       [2σ]____                                          
6061 aluminum Al 97.73 1.36 
 Ti nd* <1.95 
________________________________________________________________________ 
M42 tool steel Fe 73.35 1.26 
 Mo 9.01 0.41 
 Co 8.24 0.93 
 Cr 4.72 0.53 
 V 0.89 0.41 
 Ti nd* <0.773 
 LEC** 1.50 0.01 
________________________________________________________________________ 
nitronic 33 stainless steel Fe 64.11 1.25 
 Cr 18.09 0.72 
 Mn 13.03 0.94 
 Ni 3.79 0.60 
 Mo 0.17 0.04 
 Ti nd* <0.52 
________________________________________________________________________ 
tantalum tungsten  Ta 94.83 2.01 
 W 3.35 1.64 
 Ti nd* <1.20 
* nd: non-determinant measurement 
** LEC: Light element compounds in measurement 
  
 Starrett vernier calipers, presented in Figure 3.12, were used to measure the outer 
diameter of machined material prior to and following each machine test. The recorded 
values enabled researchers to calculate the cutting velocity imposed at the tool and 
material interface using Equation 3.1 for finding cutting velocity.  
 
 (Eq. 3.1) 
Where V was the cutting velocity in feet per minute, D was the initially measured 




the machine spindle. Using the difference in measured diameter values, the researchers 
verified a relatively accurate depth of cut was taken using the relation presented in 
Equation 3.2. This was the verification equation for the depth of cut (DOC). 
 
 (Eq. 3.2) 
Where DOC was the depth of cut machined, D1 was the measured diameter after the 
machined pass, and D0 was the measured diameter prior to the machined pass.  
 
 
Figure 3.12 - Starrett Vernier Calipers  
 
3.3.2 Constant Machine Parameters Experimental Methodology 
The first segment of the experiments machine parameters remained constant, 
encompassing depth of cut, dry cutting condition, feed rate of the tool, and cutting 
velocity. Transducer location, signal condition, and material machined individually 
varied for the testing analysis.  
 Five individual locations were chosen out of practicality and feasibility to become 




marked from approximately the center line of the machine’s spindle to the transducer 
detection interface. Each location is listed for added clarification: 
• Location 1 (LOC1) approximately 24 inches away operator side of the lathe and 
40 inches held rigidly with respect to the ground. 
• Location 2 (LOC2) approximately 48 inches away operator side of the lathe and 
40 inches held rigidly with respect to the ground. 
• Location 3 (LOC3) approximately 24 inches away opposite operator side of the 
lathe and 40 inches held rigidly with respect to the ground. 
• Location 4 (LOC4) approximately 48 inches away opposite operator side of the 
lathe and 40 inches held rigidly with respect to the ground. 
• Location 5 (LOC5) approximately 9 inches above centerline of the spindle and 12 
inches left of the spindle held rigidly on top of the lathe. 
Steel structure positioning marks were placed at each location enabling repeatable 
placement of the microphone transducer between tests performed. Presented in Figures 






Figure 3.13 - Location 1 measured distance 
 
 






Figure 3.15 - Location 1 positioning marks 
 
 





Figure 3.17 - Location 2 open testing condition 
 
 






Figure 3.19 - Location 3 measured distance 
 
 






Figure 3.21 - Location 3 positioning marks 
 
 






Figure 3.23 - Location 4 open testing condition 
 
 






Figure 3.25 - Location 5 vertical measured distance 
 
 






Figure 3.27- Location 5 open testing condition 
 
 
Figure 3.28 - Location 5 positioning marks 
 
 The microphone transducer was not removed from the scientific stand of which it 
was rigidly mounted throughout each testing experiment. Additionally, a 0.050 inch thick 
acrylic barrier was placed between the microphone transducer and machine, providing 
maximally constrained empirical insight into the feasibility of detecting acoustic emission 




test stand is presented in Figure 3.29. First segment machine experiments are outlined in 
Table 3.2. 
 
Figure 3.29 - Microphone test stand with acrylic mechanical barrier between the 
microphone detection interface and machining area 
 
Three different conditions were recorded for each metal alloy machined. The 
three conditions were: 
• Ambient (AMB): machine power engaged with the machine spindle rotating and 
the tool not engaged with the workpiece. 
• Running Open (OPEN): machine power engaged with the machine spindle 
rotating and the tool engaged with the workpiece under given machine 
parameters. No acrylic mechanical barrier was in place. 
• Running Conditioned (COND): machine power engaged with the machine spindle 
rotating and the tool engaged with the workpiece under given machine 
parameters. An acrylic barrier placed between the transducer detection interface 






First Segment Machine Parameters Held Constant 
________________________________________________________________________ 
Location Material* Insert Depth Feed Rate Cutting     Signal 
  [LOC]  Spec.** of Cut   [in./rev] Velocity  Condition 
      [in.]  [ft./min] 
  
 1 6061 Al 331-K68 0.020 0.003 206 Open 
 1 6061 Al 331-K68 0.020 0.003 205 Cond. 
  
 2 6061 Al 331-K68 0.020 0.003 204 Open 
 2 6061 Al 331-K68 0.020 0.003 203 Cond. 
  
 3 6061 Al 331-K68 0.020 0.003 202 Open 
 3 6061 Al 331-K68 0.020 0.003 201 Cond. 
  
 4 6061 Al 331-K68 0.020 0.003 199 Open 
 4 6061 Al 331-K68 0.020 0.003 198 Cond. 
  
 5 6061 Al 331-K68 0.020 0.003 197 Open 
 5 6061 Al 331-K68 0.020 0.003 195 Cond. 
 
 
 1 TaW 331-KC730 0.020 0.003 242 Open 
 1 TaW 331-KC730 0.020 0.003 240 Cond. 
 
 2 TaW 331-KC730 0.020 0.003 240 Open 
 2 TaW 331-KC730 0.020 0.003 238 Cond. 
 
 3 TaW 331-KC730 0.020 0.003 229 Open 
 3 TaW 331-KC730 0.020 0.003 228 Cond. 
 
 4 TaW 331-KC730 0.020 0.003 227 Open 
 4 TaW 331-KC730 0.020 0.003 226 Cond. 
 
 5 TaW 331-KC730 0.020 0.003 225 Open 
 5 TaW 331-KC730 0.020 0.003 224 Cond. 
 
 
 1 M42 331-KC730 0.020 0.003 211 Open 
 1 M42 331-KC730 0.020 0.003 210 Cond. 
 
 2 M42 331-KC730 0.020 0.003 209 Open 





Table 3.2 (continued) 
First Segment Machine Parameters Held Constant 
________________________________________________________________________ 
Location Material* Insert Depth Feed Rate Cutting     Signal 
  [LOC]  Spec.** of Cut   [in./rev] Velocity  Condition 
      [in.]  [ft./min] 
  
 3 M42 331-KC730 0.020 0.003 207 Open 
 3 M42 331-KC730 0.020 0.003 205 Cond. 
 
 4 M42 331-KC730 0.020 0.003 204 Open 
 4 M42 331-KC730 0.020 0.003 203 Cond. 
 
 5 M42 331-KC730 0.020 0.003 201 Open 
 5 M42 331-KC730 0.020 0.003 198 Cond. 
 
  
 1 N33 331-KC730 0.020 0.003 208 Open 
 1 N33 331-KC730 0.020 0.003 208 Cond. 
 
 2 N33 331-KC730 0.020 0.003 207 Open 
 2 N33 331-KC730 0.020 0.003 207 Cond. 
 
 3 N33 331-KC730 0.020 0.003 206 Open 
 3 N33 331-KC730 0.020 0.003 206 Cond. 
 
 4 N33 331-KC730 0.020 0.003 205 Open 
 4 N33 331-KC730 0.020 0.003 204 Cond. 
 
 5 N33 331-KC730 0.020 0.003 203 Open 
 5 N33 331-KC730 0.020 0.003 203 Cond. 
* Materials: 6061 Al = 6061 aluminum; TaW = tantalum tungsten; M42 = M42 tool steel; 
N33 = nitronic 33 stainless steel 
** Insert Spec: 331-K68 = Kennametal VNMS 331 K68 grade carbide (0.016 inch radius) 
 331-KC730 = Kennametal VNMS 331 KC730 grade carbide (0.016 inch 
 radius) 
 
3.3.3 Varying Machine Parameters Experimental Methodology 
The second segment experiments primarily were focused toward discerning if 




emitted signal for each individual material machined. Recordings for second segment 
testing were taken at location 5, nearest the deforming interface.  
The testing apparatus and equipment remained identical in application and 
functionality for second segment measurements. Changes with regard to machining 
parameters included variations to: 
• Depth of cut (DOC) 
• Coolant application condition (minimally to maximally applied) 
• Cutting velocity (ft/min) 
• Tool feed rate (in./rev) 
 For controlling cutting velocity the spindle speed was decreased or increased, 
respectively. The Monarch engine lathe did not have variable controlled spindle and feed 
mechanisms. This permitted negligibly varying velocity comparisons between metal alloy 
materials machined. Depth of cut was controlled to one-thousandth of an inch using hand 
crank mechanisms within the researcher’s ability to operate the Monarch conventional 
lathe. Presented in Figure 3.30 are the hand crank mechanisms permitting depth of cut 
controlled by the researcher. 
 




Controlling the amount of coolant applied directly to the cutting edge were two 
separate reservoirs for machining experiments. Coolant reservoirs maintained a flow rate 
of Trim® C380 synthetic cutting fluid via individual fixed position ball valves. Separate 
measurements were made with one reservoir ball valve completely open and another with 
the ball valve slightly opened. Reservoir and ball valve assemblies were removable from 
the top of a custom machined post screwed into a magnetic base. The magnetic base was 
mounted just behind the cutting tool as to allow it traverse at the same directional 
velocity of the cutting tool during experimentation. The coolant application system used 
for coolant applied experiments is presented in Figure 3.31. Detachable machine coolant 
lines directed fluid to the cutting interface for the machining experiments.  
 
Figure 3.31 - Magnetically affixed coolant reservoir system    
 
Table 3.3 presents second segment experiment specifications incorporating 









Second Segment Variable Machine Parameters  
________________________________________________________________________ 
 
Material* Insert Specification** Depth Feed Coolant***    Cutting  
  Of Cut  Rate Condition  Velocity 
    [in.]     [in./rev] [ft./min] 
 6061 Al VNMS 332-K68 0.020 0.003 Dry 208 
 6061 Al VNMS 332-K68 0.040 0.003 Dry 207 
 
 6061 Al VNMS 332-K68 0.020 0.003 Min 204 
 6061 Al VNMS 332-K68 0.020 0.003 Max 202 
 
 6061 Al VNMS 332-K68 0.020 0.003 Dry 98 
 6061 Al VNMS 332-K68 0.020 0.003 Dry 318 
 
 6061 Al VNMS 332-K68 0.020 0.006 Dry 198 
 6061 Al VNMS 332-K68 0.020 0.009 Dry 197 
 
  
 TaW VNMS 332-KC730 0.020 0.003 Dry 264 
 TaW VNMS 332-KC730 0.040 0.003 Dry 263 
 
 TaW VNMS 332-KC730 0.020 0.003 Min 261 
 TaW VNMS 332-KC730 0.020 0.003 Max 259 
 
 TaW VNMS 332-KC730 0.020 0.003 Dry 125 
 TaW VNMS 332-KC730 0.020 0.003 Dry 403 
 
 TaW VNMS 332-KC730 0.020 0.006 Dry 251 
 TaW VNMS 332-KC730 0.020 0.009 Dry 251 
 
  
 M42 VNMS 332-KC730 0.020 0.003 Dry 212 
 M42 VNMS 332-KC730 0.040 0.003 Dry 210 
 
 M42 VNMS 332-KC730 0.020 0.003 Min 208 
 M42 VNMS 332-KC730 0.020 0.003 Max 207 
 
 M42 VNMS 332-KC730 0.020 0.003 Dry 103 
 M42 VNMS 332-KC730 0.020 0.003 Dry 337 
 
 M42 VNMS 332-KC730 0.020 0.006 Dry 205 





Table 3.3 (continued) 
Second Segment Machine Variable Machine Parameters  
________________________________________________________________________ 
 
Material* Insert Specification** Depth Feed Coolant***    Cutting  
  Of Cut  Rate Condition  Velocity 
    [in.]     [in./rev] [ft./min] 
 N33 VNMS 332-K68 0.020 0.003 Dry 209 
 N33 VNMS 332-K68 0.040 0.003 Dry 208 
 
 N33 VNMS 332-K68 0.020 0.003 Min 207 
 N33 VNMS 332-K68 0.020 0.003 Max 207 
 
 N33 VNMS 332-K68 0.020 0.003 Dry 122 
 N33 VNMS 332-K68 0.020 0.003 Dry 331 
 
 N33 VNMS 332-K68 0.020 0.006 Dry 205 
 N33 VNMS 332-K68 0.020 0.009 Dry 204 
* Materials:  6061 Al = 6061 aluminum; TaW = tantalum tungsten; M42 = M42 tool 
steel; N33 = nitronic 33 stainless steel 
** Insert Spec:  332-K68 = VNMS 332 K68 grade carbide (0.031inch radius) 
 332-KC730 = VNMS 332 KC730 grade carbide (0.031inch radius) 
*** Coolant Condition:  Minimum flow rate 0.950 grams per second; Maximum flow rate 
3.975 grams per second 
 
3.3.4 Methodology for Analysis of Experimental Results 
Experiments in both segments were thoroughly documented enabling the 
researcher to determine the specific amount of tool wear obtained for each individual 
experiment performed at the given machine parameters. Metal chips removed were saved 
and labeled from each experiment. Photographs of the metal chips removed were 
classified as to the suspected deformation type achieved. The physical analyses of the 
tests were subjectively based upon the researcher’s own experience, supported by the 
literature review in Chapter Two of this thesis. A Leica DMLM optical microscope was 




Leica microscope used was outfitted with a Paxcam digital camera and software. The 
Leica microscope and Paxcam digital camera are presented in Figure 3.32.    
 
Figure 3.32 - Leica DMLM microscope and Paxcam digital camera  
 
 A Dell Studio XPS laptop computer and ArtemiS signal analysis software version 
12 were used to create and discern differences in recordings for each test. Acoustically 
emitted pressure wave variations measured by the microphone transducer were sent to the 
National Instruments data logger and converted into a distinguishable voltage 
measurement. The collection of measurements taken was outputted into an ASCII text 
file format interpretable by the ArtemiS software. The ArtemiS signal analysis software 
provided an adequate means to compile results and quantitatively discern differences 
using discrete Fourier transform and high-resolution spectral analysis. The Dell Studio 
XPS computer running ArtemiS software used for data collection, reduction, and analysis 





Figure 3.33 - Dell Studio XPS computer running ArtemiS V12 software  
 
3.4 Summary of Methodology 
 
The methodology chapter approached major variables of interest in discerning 
between specific type metal alloys being machined, using acoustic emission microphone 
transducer technology under single-point lathe turning processes in a feasible and 
practical way. The hypotheses presented defined an adequate means of success describing 
more understandably the discernment between the type of material machined at 
individual locations under ambient, open, and barrier-obstructed running circumstances. 
The experimental approach considered machine parameter effects, taking into account the 
depth of cut, coolant application, feed rate, and cutting velocity. The analysis of research 
results provided insight into the most influential of these parameters and suggests further 
action to develop and apply the technologies explored by this thesis research for 
discernibly identifying the type of materials being machined. 
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CHAPTER 4 RESULTS AND RELATED EXPERIMENTAL DATA 
 The results are presented in two primary segments. The first primary segment 
addressed acoustic emissions detected when machine parameters remained constant. 
Within the first segment, additional analysis was undertaken by increasing the stand-off 
distance for each type of material machined. The second primary segment encompassed 
detection of acoustic emissions at a single location when altering machine parameters for 
each type of material machined as presented in the methodology portion of this thesis. 
Consideration was taken to deformed chip formation as collected from each experiment 
and tool wear achieved using optical microscopic analysis. 
  4.1 Quantified Energy Detection Sustaining Constant Machine Parameters 
 Acoustically-emitted energy proved readily detectable using a Brüel and Kjaer 
type 4939 free-field microphone transducer device. Each recording was individually 
discrete Fourier transformed using high-resolution spectral analysis (HSA) methods. 
HSA interprets between discrete moments in time by knowing the window length used. 
As a result HSA minimizes convolution unavoidable under discrete Fourier 
transformation with a fixed windowing length. Subsequently, HSA presents more defined 
and increased resolution acoustic maps, advantageous for high-fidelity acoustic signal 
structural analysis. A Hanning 4096 windowing length and 50 percent overlap was used 
as the basis for all signal analysis in this study. Detection magnitude as a function of 
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frequency was additionally logged utilizing HSA computational methods. Output logs 
from each calculation were quantified into single values by trapezoidal integration 
between points using Matlab software. Integrating the output logs provided the researcher 
with an accurate representation of total energy expended and as detected by the 
microphone transducer. Differences in the calculated values permitted the researchers to 
discern more confidently the quantitative differences among materials machined and the 
effects of altering machine parameters as presented. Integration between signal 
frequencies, 1Hz to 100kHz and 20kHz to 100kHz, are presented in Tables 4.1 and 4.2 
while withholding constant machining parameters. Stand-off distance for each 
experiment was imposed as reported in the previous chapter. 
Table 4.1 
First Segment Energy Values 1Hz to 100kHz 
Condition* LOC1 [V] LOC2 [V] LOC3 [V] LOC4 [V] LOC5 [V] 
AMB Al 20.380 20.143 22.699 21.687 36.047 
COND Al 19.374 18.102 20.515 20.006 43.384 
OPEN Al 31.946 23.476 29.502 23.736 42.636 
 
AMB M42 21.057 21.822 22.986 23.161 30.714 
COND M42 47.180 21.441 29.567 18.948 40.477 
OPEN M42 37.861 26.431 30.604 26.169 56.502 
 
AMB N33 29.018 19.144 22.440 23.850 18.890 
COND N33 52.416 19.861 25.532 23.008 25.621 
OPEN N33 70.969 43.383 51.186 33.203 57.046 
 
AMB TaW 21.191 44.976 21.771 22.253 32.994 
COND TaW 20.873 20.306 23.697 20.650 43.612 
OPEN TaW 34.437 24.483 32.082 25.107 45.126   
* AMB: Ambient condition; COND: Mechanical barrier condition; OPEN: No 




 The machine parameters chosen for this segment of the experiment were based in 
part on the machinability of each material studied. Empirical parameters implemented 
proved to produce no abnormal machining circumstances such as excessive tool wear, 
uncommon heat build-up, and damaging lathe equipment indicators. As a result of the 
research goals set forth, it was important to individually consider results obtained within 
frequency ranges outside of the human hearing spectrum. In a machine shop environment 
large amounts of low frequency high amplitude emissions are typically present below the 
20kHz frequency threshold. By integrating measurements above the 20kHz frequency 
threshold, a more accurate representation independent of material deformation tendencies, 
were present from the machine processes imposed.   
Table 4.2 
First Segment Energy Values 20kHz to 100kHz 
Condition* LOC1 [V] LOC2 [V] LOC3 [V] LOC4 [V] LOC5 [V] 
AMB Al 6.146 5.753 6.952 7.599 6.968 
COND Al 6.518 6.897 6.917 7.388 10.449 
OPEN Al 15.438 10.129 11.924 8.629 13.730 
 
AMB M42 6.671 8.134 7.061 7.590 7.724 
COND M42 7.793 6.920 8.108 6.709 8.375 
OPEN M42 17.303 9.638 10.366 9.565 16.955 
 
AMB N33 6.414 7.583 7.018 7.733 5.207 
COND N33 11.687 6.208 7.562 7.707 8.394 
OPEN N33 19.394 17.405 16.204 10.931 19.877  
 
AMB TaW 7.215 7.077 5.779 7.802 8.708  
COND TaW 5.872 7.003 6.893 7.176 6.786 
OPEN TaW 10.090 7.996 8.763 6.998 12.518   
* AMB: Ambient condition; COND: Mechanical barrier condition; OPEN: No 




 Schematically, Figures 4.1 through 4.4 more clearly summarizes detection 
magnitudes at the experimental locations under open machining conditions. Within the 
figures a relative percent decrease or increase is indicated between adjacent measurement 
locations. Such information yields insight into signal attenuation attributes between 
measurement locations selected out of practicality and feasibility prior to experimentation. 
Signal magnitudes are quantified in volts within the frequency ranges as indicated.  
 
Figure 4.1 - First segment detected signal in the open condition for 6061 aluminum 
 
 









Figure 4.4 - First segment detected signal in the open condition for tantalum tungsten 
 
4.1.1 Spectrogram Acoustic Mapping for Location Dependent Machine Experiments 
 Acoustic spectrogram maps are presented based on each recording using high-
resolution spectral analysis (HSA) techniques. The maps present noteworthy trends in 
signal structure within the detected frequencies of acoustically emitted signal. Individual 




barrier in place are presented in Figures 4.5 through 4.24. The presented HSA 
spectrograms have fixed scale voltage magnitudes between 50µV and 0.4V. 
 Experimentally measured recordings began prior to the commencement of the 
cutting process, allowing for maximized differentiation between background events and 
resultants of tool/material interaction. For each experimental condition, the lathe feed 
mechanism was engaged followed by the researcher stepping clear behind the 
microphone transducer. Upon tool and material interaction acoustic emissions were 
logged for 30 seconds before measurements stopped. The recording duration minimized 
tool wear as it relates to detectable acoustic emissions of machine turning processes.  
 
Figure 4.5 - HSA acoustic map machining 6061 aluminum at location 1 
 
 





Figure 4.7 - HSA acoustic map machining nitronic 33 stainless steel at location 1 
 
 
Figure 4.8 - HSA acoustic map machining tantalum tungsten at location 1 
 
 






Figure 4.10 - HSA acoustic map machining M42 tool steel at location 2 
 
 
Figure 4.11 - HSA acoustic map machining nitronic 33 stainless steel at location 2 
 
 






Figure 4.13 - HSA acoustic map machining 6061 aluminum at location 3 
 
 
Figure 4.14 - HSA acoustic map machining M42 tool steel at location 3 
 
 






Figure 4.16 - HSA acoustic map machining tantalum tungsten at location 3 
   
 
Figure 4.17 - HSA acoustic map machining 6061 aluminum at location 4 
 
 






Figure 4.19 - HSA acoustic map machining nitronic 33 stainless steel at location 4 
 
 
Figure 4.20 - HSA acoustic map machining tantalum tungsten at location 4 
 
 






Figure 4.22 - HSA acoustic map machining M42 tool steel at location 5 
 
 
Figure 4.23 - HSA acoustic map machining nitronic 33 stainless steel at location 5 
 
 







4.1.2 Detected Acoustic Emission Energy through Mechanical Barriers 
 Acoustic emission detection behind mechanical barriers proved most difficult to 
discern. In the majority of instances, the weakest acoustic emission energy was detected 
having mechanical barriers in place for all materials machined. Acoustic spectrogram 
mapping of the conditioned and ambient settings contained no signal structure. This 
phenomenon is summarized graphically in Figures 4.25 through 4.27.  
 
Figure 4.25 – Averaged energy detections between frequencies 1Hz and 100kHz 
machining all alloy materials 
 
 
Figure 4.26 – Averaged energy detections between frequencies 20kHz and 100kHz 






Figure 4.27 – HSA spectrogram analysis containing no signal structure; Top: Ambient 
measured condition common among all locations; Bottom: Mechanical barrier condition 
common among all locations and materials machined 
 
4.2 Effects of Altering Machine Parameters 
 The second primary segment for the research study encompassed detection of 
acoustic emissions at varying depths of cut, coolant applications, cutting velocities, and 
feed rates. Alteration of the described machine parameters were chosen based on machine 
capabilities and factors related to the first segment of machine experiments. Based on 
preliminary results, similar to those performed in the first segment of experiments, it was 
determined the optimal location for signal detection was closest to the deforming 
interface, with no mechanical barrier in place between the microphone transducer and 
machining system. Second segment energy detections for metal alloys are presented 





Second Segment Energy Values 1Hz to 100kHz 
Condition*  6061 Aluminum M42 Nitronic 33 Tantalum  
         [V] [V] [V] Tungsten [V] 
0.020 DOC [in.] 39.255 35.063 111.012 41.651 
0.040 DOC [in.] 55.293 36.643 163.577 43.454 
 
Min Flow [g/sec] 48.795 35.164 139.071 72.378 
Max Flow [g/sec] 40.921 54.682 134.193 80.337 
 
Min Velocity [ft/min] 36.088 36.075 35.200 37.788 
Max Velocity [ft/min] 69.162 47.959 84.424 60.615 
 
0.006 [in./rev.] 58.714 39.662 145.994 40.878 
0.009 [in./rev.] 72.495 45.083 174.250 43.029 
 
* DOC: Depth of Cut; Minimum flow rate 0.950 grams per second; Maximum flow rate 
3.975 grams per second 
 
 
Table 4.4  
Second Segment Energy Values 20kHz to 100kHz 
Condition*  6061 Aluminum M42 Nitronic 33 Tantalum  
         [V] [V] [V] Tungsten [V] 
0.020 DOC [in.] 14.435 10.792 46.220 10.733 
0.040 DOC [in.] 27.576 10.855 64.452 10.702 
 
Min Flow [g/sec] 18.124 11.099 69.547 34.688 
Max Flow [g/sec] 14.900 26.602 67.336 41.684 
 
Min Velocity [ft/min] 13.301 11.688 9.966 12.060 
Max Velocity [ft/min] 30.509 13.406 29.261 12.898 
 
0.006 [in./rev.] 30.295 14.653 55.355 10.613 
0.009 [in./rev.] 41.358 18.807 64.794 12.795 
 
* DOC: Depth of Cut; Minimum flow rate 0.950 grams per second; Maximum flow rate 
3.975 grams per second 




4.2.1 Effects of Altering Depth of Cut 
 Increasing depth of cut during machine processes had a similar effect on alloys 
examined, increasing the acoustically emitted energy detected by the transducer. As 
depth of cut increased, the volumetric removal of material was proportionally increased, 
assuming negligibly uniform material density throughout the workpiece and negligible 
tool degradation. Measurements between types of materials machined did present signal 
structural differences as presented in Figures 4.28 through 4.36.  
 
Figure 4.28 - Acoustic emission energy detected within 20kHz and 100kHz at LOC5 
varying depth of cut while machining metal alloy materials 
*First segment baseline measurement was taken at 0.020 inches depth of cut 
 
 





Figure 4.30 - HSA map machining 6061 aluminum at 0.040 inches depth of cut 
 
 
Figure 4.31 - HSA map machining M42 at 0.020 inches depth of cut 
 
 





Figure 4.33 - HSA map machining N33 at 0.020 inches depth of cut 
 
 
Figure 4.34 - HSA map machining N33 at 0.040 inches depth of cut 
 
 





Figure 4.36 - HSA map machining TaW at 0.040 inches depth of cut 
 
4.2.2 Effects of Altering Coolant Application 
 
 The application of TRIM® C380 coolant at the carbide cutting edge had varying 
effects on the tribological interface for each alloy machined. The direction of insert- 
dependent, micro-fluidic channels had an impacting effect on chip formation and removal 
from the cutting interface. Varying chip formation and entanglement attributes proved to 
attenuate signal as the entanglement became more locally dense around the cutting edge 
when machining 6061 aluminum and nitronic 33 stainless steel. An increase in detection 
magnitudes were observed machining M42 tool steel and tantalum tungsten metals as 
coolant application increased. Removed chip formations of M42 tool steel and tantalum 
tungsten appeared more discrete in nature as volume of coolant applied increased. 
Spectrogram acoustic mapping qualitatively increased signal density for M42 tool steel 
and tantalum tungsten metal alloys machined. Measurements between type materials 
machined did present quantitative and signal structural differences as presented in 





Figure 4.37 - Acoustic emission energy detected within 20kHz and 100kHz at LOC5 
varying coolant application while machining metal alloys 
*First segment baseline measurement was taken dry with no coolant applied 
 
 
Figure 4.38 - HSA map machining 6061 aluminum at min coolant application 
 





Figure 4.40 - HSA map machining M42 at min coolant application 
 
 
Figure 4.41 - HSA map machining M42 at max coolant application 
 
 






Figure 4.43 - HSA map machining N33 at max coolant application 
 
 
Figure 4.44 - HSA map machining TaW at min coolant application 
 
 





4.2.3 Effects of Altering Cutting Velocity 
 Increasing cutting velocity generally increased detectable acoustic emission 
energy for metal alloys machined. It was noticed during experimentation that increasing 
cutting velocity produced observable differences in material deformation tendencies. 
Measurements between the types of materials machined did present quantitative and 
signal structural differences as presented in Figures 4.46 through 4.54.   
 
Figure 4.46 - Acoustic emission energy detected within 20kHz and 100kHz at LOC5 
varying cutting velocity while machining metal alloys 
*First segment baseline measurement was taken at a moderate cutting velocity 
 
 






Figure 4.48 - HSA map machining 6061 aluminum at 318ft/min cutting velocity 
 
Figure 4.49 - HSA map machining M42 at 103ft/min cutting velocity 
 
 





Figure 4.51 - HSA map machining N33 at 122ft/min cutting velocity 
 
Figure 4.52 - HSA map machining N33 at 331ft/min cutting velocity 
 
 






Figure 4.54 - HSA map machining TaW at 403ft/min cutting velocity 
 
4.2.4 Effects of Altering Tool Feed Rate 
 Increasing tool feed rate generally resulted in increased acoustically emitted 
energy for all machining experiments. Increasing tool feed rate proved to produce 
observable differences in the manner each material deformed. Measurements between 
type materials machined did present quantitative and signal structural differences as 
presented in Figures 4.55 through 4.63.   
 
Figure 4.55 - Acoustic emission energy detected within 20kHz and 100kHz at LOC5 
varying feed rate while machining metal alloys 






 Figure 4.56 - HSA map machining 6061 aluminum at 0.006 in./rev feed rate 
 
 
Figure 4.57- HSA map machining 6061 aluminum at 0.009 in./rev feed rate  
 
 






Figure 4.59 - HSA map machining M42 at 0.009 in./rev feed rate  
 
 
Figure 4.60 - HSA map machining N33at 0.006 in./rev feed rate  
 





Figure 4.62 - HSA map machining TaW at 0.006 in./rev feed rate  
 
 
Figure 4.63 - HSA map machining TaW at 0.009 in./rev feed rate 
 
4.3 Mechanisms of Material Deformation 
 The manner in which each material deformed during experimental machining 
proved to be primarily continuous in nature. During the first segment with machine 
parameters held constant, a consistent chip formation was recognizable between 
experimental locations of interest and independent of the type of material machined. A 
continuously curled type chip formation was evident for 6061 aluminum, M42 tool steel, 
and nitronic 33 stainless steel materials. Tantalum tungsten proved to yield a continuous 




exhibit burr-type attributes along its outer edge, indicative of saw toothed chip formation. 
Figures 4.64 and 4.65 present high resolution photographs of the deformed material 
collected following first segment experiments.   
 
Figure 4.64 - Removed chips from first segment experimental conditions with machine 
parameters held constant 
  
 Second segment experiments proved to produce chip formations unique to 
material type and resultant of machine conditions imposed. The application of coolant 
uniquely induced dense chip entanglement at the cutting edge for 6061 aluminum and 
nitronic 33 stainless steel materials. Measurements of acoustic emissions proved to 
decrease as a result of such conditions where the removed entanglement of material itself 




interface. High resolution photographic analysis of this attribute is presented in Figure 
4.65.  
 
Figure 4.65 - Removed chips from second segment experimental conditions varying 
coolant application to 6061 aluminum and nitronic 33 stainless steel materials 
 
 Decreasing the cutting velocity for machining M42 tool steel proved to create a 
uniquely discrete chip formation as to that compared of all other type of materials 
machined under similar conditions. The M42 tool steel chip formation was geometrically 
tightly curled as shown in Figure 4.66. All other second segment chip formations 





Figure 4.66 - Removed M42 tool steel chips at 103 ft/min cutting velocity 
 
4.4 Tool Wear 
 Kennametal brand K68 grade un-coated carbide and TiN (KC730) coated VNMS 
331 and 332 tooling was utilized throughout first and second segment experiments. The 
first segment experiments considered inserts having 0.016 inch radius and the second 
segment considered inserts having 0.0312 inch radius. Inserts for experimentation were 
logged before being microscopically examined using a Leica DMLM optical microscope 
post experimentation.   
 All carbide-inserted tooling did not exhibit extreme cases of tool wear. The 
majority of tool wear present was either plastic, thermal, crater, or built-up-edge wear. 
 Decreasing the cutting velocity fundamentally increased the localized heat energy 
in the deformation zone through increased frictional attributes as suggested by 




proved to elevate tool wear supported by the used tooling insert images collected in 
conjunction with the high fidelity acoustic emission maps. Figure 4.67 and 4.68 present 
microscopic analyses of unworn, commonly worn, and most extreme case worn tools 
used during first and second segment machining experiments.  
 








Figure 4.68 - Kennametal insert edges used for first and second segment experimentation 
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CHAPTER 5 DISCUSSION OF RESULTS 
 The research study was completed in two segments. The first segment 
encompassed attempted discernment between type material machined varying 
measurement locations. Stand-off distance was increased incrementally for each material 
machined under constant machining parameters. Additionally measurements were taken 
at each location having a maximally constrained mechanical barrier condition imposed. 
Second segment experiments encompassed alteration to machine parameters 
encompassing depth of cut, coolant application, cutting velocity and tool feed rate.  
5.1 Discussion of Mathematical Calculations 
 Signal analysis software was used for converting voltage magnitude detections 
into frequency as function of time plots using discrete Fourier transform based high-
resolution spectral analysis (HSA). Trapezoidal integration between 8190 individual 
points provided quantified representation of the total energy expended from the 
machining system during experimentation. Statistical analysis software version 9.2 was 
used for determining the statistical significance of quantitative results obtained. To 
determine the probability of existing relationships t-test statistical analysis was used. 
Table 5.1 and Table 5.2 present material dependent probability levels calculated for each 
hypothesis generated.  Hypothesis values taking into consideration stand-off distance 
were tested against the nominally recorded value nearest the deforming interface. All five 
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positions, maximally constrained by the mechanical barrier (conditioned), were averaged 
to attain a nominal value of comparison for the second hypothesis generated. This 
averaged nominal value was compared against the five stand-off locations having no 
imposed mechanical barrier undergoing constant machine processes for each material 
machined. An alpha level of 0.05 was deemed statistically significant using a moderate 
effect size power analysis.  
Table 5.1 
Hypothesis 1: Stand-off distance probability levels 
Material P-Value 
6061 Aluminum Pr > 0.230 
M42 Tool Steel Pr > 0.067 
Nitronic 33 Stainless Steel Pr > 0.120 
Tantalum Tungsten Pr > 0.008 
 
Table 5.2 
Hypothesis 2: Mechanical barrier condition probability levels 
Material P-Value 
6061 Aluminum Pr > 0.023 
M42 Tool Steel Pr > 0.044 
Nitronic 33 Stainless Steel Pr > 0.006 
Tantalum Tungsten Pr > 0.057 
 
 
 For the first hypothesis generated it was determined within a five percent 
probability of error that the alternative hypothesis for machining tantalum tungsten with 
respect to stand-off distance may be accepted. It is suspected this discovery as a result of 
the lesser in magnitude detections for tantalum tungsten machine experiments.  
 For the second hypotheses generated it was determined within a five percent 
probability of error that the alternative hypothesis for machining 6061 aluminum, M42 




smaller detection magnitudes of tantalum tungsten prevented its statistically significant 
discernment outside the five percent probability of error window.  
 Detection of acoustic emission pressure waves from all deforming materials were 
increasingly attenuated as transducer stand-off distance increased. Magnitude variations 
between acoustically emitted energies proved individual of material type over the stand-
off distances examined and are presented in Figures 5.1 through 5.5. 
 
Figure 5.1 - Detected acoustic emission signal at location 1 selected frequencies 
 
 





Figure 5.3 - Detected acoustic emission signal location 3 selected frequencies 
 
 
Figure 5.4 - Detected acoustic emission signal location 4 selected frequencies 
 
 
Figure 5.5 - Detected acoustic emission signal location 5 selected frequencies 
 
 The mechanical barrier condition proved to attenuate detection for significant 




machined. Quantitatively, the detection of emissions under the mechanically imposed 
condition proved non-differentiable from the ambient condition.  
 In the majority of cases, alteration to machine parameters increased the 
acoustically emitted signal detected for each metal alloy machined. Such an observation 
is individualistic of the frictional deformation attributes induced through increasing depth 
of cut, feed rate, and cutting velocity. The application of coolant quantitatively proved 
unique in that dense chip entanglement around the cutting edge acted as a mechanical 
barrier attenuating acoustic emission detections. Additional detection of events associated 
with removed material entanglement and the cutting interface may have distorted 
quantifiable differences measured for metal alloys machined.  
 Acoustic emission magnitudes for nitronic 33 stainless steel experiments proved 
to be the most appreciable when compared to other metal alloys machined. It is suspected 
that these observations were a result of continuous, high magnitude emissions 
individualistic to material type. Removed material from nitronic 33 stainless steel 
machining experiments revealed the greatest magnitude of stress release consistent in 
saw-toothed chip formation. M42 tool steel and 6061 aluminum, quantitatively, were of 
moderate detection magnitudes when compared to the other materials machined. 
Tantalum tungsten alloy proved to be the weakest of the detection magnitudes using the 
detection and analysis methods imposed.  
 5.2 Discussion of Acoustic Mapping Using High-Resolution Spectral Analysis 
 High-resolution spectral analysis (HSA) yielded individualistic frequency 




continuous type proved detectable for consistent machining circumstances closest the 
deforming and detection interface. The described events may be characterized as 
localized vertically discrete versus continuous horizontal structure. The described 
differences between structures are presented in Figures 5.6 through 5.9.  
 
Figure 5.6 – Less dense discrete signal structure machining 6061 aluminum 
 
 






Figure 5.8 – Less dense continuous signal structure machining M42 tool steel 
 
 
Figure 5.9 – Most dense continuous signal structure machining nitronic 33 stainless steel 
 
 Commonalities in detected signal upheld quantitatively and structurally for 
individual materials machined at increasing stand-off distances. Nonetheless as detection 
distance increased, identifiable signal structures became less prevalent using HSA 
spectrogram analysis. The non-contact type acoustic emission sensing device used for the 
thesis work proved limiting in confident discernment of the machine parameters imposed. 




by the detection sensitivity of the Brüel & Kjaer type 4939 microphone transducer device 
used for experimentation.  
 Structurally increasing depth of cut, coolant application, cutting velocity, and feed 
rate generally proved to maximize signal density using spectrogram analysis. Material 
identifying attributes became increasingly vague between M42 tool steel and 6061 
aluminum than did nitronic 33 stainless steel and tantalum tungsten metal alloys. 
Uncertainty between machine parameters imposed and type material being machined 




CHAPTER 6 CONCLUSIONS AND FUTURE EXPECTATIONS 
 Culmination of the experiments performed, result measurements, related 
experimental data, and discussion of results support the conclusions presented in this 
chapter. 
6.1 Conclusions 
 The following conclusions are presented for the preceding thesis study: 
1. It remains quantitatively difficult to confidently differentiate between 6061 
aluminum, M42 tool steel, nitronic 33 stainless steel, and tantalum tungsten metal 
alloys being machined using non-contact acoustic emission microphone 
transducers coupled with integral calculus energy summation concepts. 
2. Mechanical barriers imposed prevented the successful discernment between type 
materials undergoing a predetermined machining process using the detection 
methods of this thesis study. 
3. Alteration to depth of cut, coolant application, cutting velocity, and feed rate had 
difficult to predict effects on transient elastic stress waves emitted from 
deforming materials of interest undergoing single point lathe turning processes. 
4. As stand-off distance increased between the deforming material and transducer 




5. As stand-off distance increased between the deforming material and transducer 
detection interface, discernibly qualitative structural attributes became 
increasingly weak.  
6.2 Future Expectations 
 Further research is recommended and may lead to feasibly implementing acoustic 
emission transducer technology capable of discernibly identifying the type of material 
and machine attributes for single point lathe machine turning processes.  
6.2.1 Future Expectations of Further Experimentation 
 The following future expectations are presented for further experimentation: 
1. A study should examine false material identification resulting from similar 
acoustically emitting events of non-interest such as tooling at different stages of 
tool wear, non rigid mounted tooling, and extreme rake angles. 
2. A comparison study encompassing the detection of transient elastic acoustically 
emitted stress waves using contact type sensors should be performed. 
Identification of the sensor type may be designed to integrate inside the tool or 
machine itself to attain greatest probability of discernment. The identification of 
sensor dependencies may lead to more advanced algorithmic modeling and 
alternate high fidelity acoustic mapping techniques. 
3. Acoustic emission detections coinciding with geometrical contouring for metal 
alloys should be examined. Unpredictable geometrical contours may have 
substantial effects on the detection of acoustic emissions greater than those 
discovered by alteration to depth of cut, coolant application, cutting velocity, and 
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